Abstract -A prototype of a very high dynamic range 32-bits Digital to Analog Converter (DAC) was designed and built for the purpose of direct auditory stimulus generation. It provides signals from less than 100 nV up to 50 Watts peak power output, driving a 32-Ohms earphone or speaker. The use of ternary cells makes possible a 170 dB dynamic range that is basically limited by thermal noise only.
Typical audiometry headphones generate a 110
dB Sound Pressure Level (SPL) for a 0 dBm input [3] . Considering that normal auditory threshold can reach -10 dB SPL at frequencies near 4 kHz [1] , a system noise level below -120 dBm is desirable.
2. The frequency response of the headphone can deviate up to 15 dB, so an input power of +25 dBm may be required to reach an output of 120 dB SPL (typical discomfort threshold) across the frequency band.
3. Short duration stimuli may require additional 10 to 20 dB to maintain perceived loudness [2] .
4. Finally, another 5 dB may be required to accommodate higher quality (but lower efficiency) earphones, thus reaching a 160-170 dB dynamic range requirement.
The use of a Digital Signal Processor (DSP) for direct digital synthesis of acoustic stimulus is limited by the dynamic range of commonly available Digital to Analog Converters (DAC's), which hardly attain 130 dB even for the highest-quality Sigma-Delta devices [4] . Power amplifiers are generally needed to feed the earphones or speakers, introducing additional noise.
In this paper we describe a new DAC topology that is capable of high power output while presenting a very low quiescent noise. A prototype with 64 kHz sampling rate, allowing for flat response up to 20 kHz, was built and proven capable of generating signals from less than 100 nV to more than 50 W peak when directly coupled to a 32-Ohms earphone. Residual noise floor is totally
The author is with the Polytechnic School, University of São Paulo -Brazil, Telecommunications Department. inaudible. A 60 to 70 dB spurious-free dynamic range (SFDR) was measured over most of the signal levels, except at very low amplitudes. Fig. 1 shows the popular R-2R ladder used in many DACs. This output impedance of this circuit is R, and the open-circuit output range approaches 0 to +V. Some drawbacks of this simple topology are:
II. DAC TOPOLOGIES
1-Midpoint voltage is +V/2; when the generated signal has zero amplitude, the internal noise of the reference voltage (+V) is coupled to the output.
2-Around midpoint, all switches toggle at the same time, introducing discontinuities at the output.
These drawbacks impair the maximum resolution of this topology, restricting its use mainly to low-cost, low resolution DAC's.
A topology which mitigates these problems is the ternary 4R-3R ladder [5] , shown in Fig. 2 . This circuit uses triple-throw switches connecting the ladder elements to voltages of +V, -V or Ground. Output impedance is 2R. Most remarkable features are: The switches are implemented with half-bridge drivers and low resistance MOSFET's, operating from a 90 Volts supply. Since the prototype was not intended to continuously generate maximum power level (only short duration bursts or clicks), it was built with low-wattage resistors and small area heat sinks.
The low-voltage / interface module (Fig. 7) contains a serial-to-parallel converter which receives the encoded digits from the DSP controller. 16 bits are sent to the highvoltage modules (4 bits per module), and 8 bits are connected to a low voltage (12 Volts), low power ladder. Two modules are used, one for the positive half and other for the negative half.
At very low levels, the electromagnetic coupling between high voltage switches and the output load (by stray capacitance, ground loops or direct radiation) would be significant. So, these last 8 stages operate with 12 Volts and use 15k -20k Ohms resistors. Additionally, the highvoltage modules are shielded by aluminum sheets that also aid as heat sinks. Measurements above +30 dBm were taken in burst mode; below -50 dBm, a low-noise preamplifier was used. It should be noted that most sections were built with regular 5% tolerance resistors. Obviously this impairs the distortion (and hence the SFDR) of the prototype. The obtained values are adequate for the intended application, being 10 to 30 dB better than typical headphone harmonic distortion [3] .
Using the signal averaging function in a digital oscilloscope, the prototype operation can be verified down to the nano-Volt range. Fig.10 shows the output of the fourth low-voltage section (top trace) and the averaged DAC output after preamplifier (bottom trace), for a 60 nV burst signal. This level is -177 dB relative to full power output. A prototype of a high power, low noise DAC was designed and tested, providing a seamless signal range of more than 170 dB to a speaker or headphone load. This development was originally intended for audiometry test equipment, but can be used in other applications whenever an analog signal of very high dynamic range must be generated. Output Power Level (dBm)
